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ABSTRACT: Cu-based catalysts containing targeted functionalities
including metallic Cu, oxidized Cu, ionic Cu, and Bronsted acid sites
were synthesized and evaluated for isobutane dehydrogenation. Hydro-
gen productivities, combined with operando X-ray absorption spectros-
copy, indicated that Cu(I) sites in Cu/BEA catalysts activate C—H bonds
in isobutane. Computational analysis revealed that isobutane dehydro-
genation at a Cu(I) site proceeds through a two-step mechanism with a
maximum energy barrier of 159 kJ/mol. These results demonstrate that
light alkanes can be reactivated on Cu/BEA, which may enable re-entry

of these species into the chain-growth cycle of dimethyl ether
homologation, thereby increasing gasoline-range (Cs,) hydrocarbon yield.

KEYWORDS: heterogeneous catalysis, C—H activation, dehydrogenation, copper, zeolites

Z eolite-catalyzed processes represent promising approaches
to convert C; species (e.g, methanol, dimethyl ether
(DME)) from syngas into targeted classes of high-value fuels
and chemicals, and a variety of pathways have been developed
from the methanol-to-hydrocarbons (MTH) process initially
discovered by Mobil Research Laboratories in the 1970s." "
One such process involves the use of large pore acidic zeolites,
such as H-BEA, to convert methanol and/or DME to branched
C,—C, alkanes, with hi%h selectivity to isobutane and triptane
(2,2,3-trimethylbutane).”® This DME homologation process
operates at relatively low temperatures (180—220 °C) and
pressures (60—250 kPa of DME) compared to other MTH
processes. Recent research from our laboratory has demon-
strated that the addition of Cu to the BEA zeolite catalyst
enables the incorporation of cofed H, into the desired products,
ultimately resulting in a 2-fold increase in the observed
hydrocarbon productivity, relative to unmodified H-BEA.”
Improving the carbon efficiency—and, thus, the economic
viability—of this process could be achieved by increasing the
selectivity to further favor the Cs, (gasoline-range) products.”
Thus, a DME homologation catalyst with dehydrogenation
activity offers the opportunity to upgrade the non-gasoline-
range C, alkane fraction via C—H bond activation and
reincorporation of the resulting intermediate or olefin into
the chain-growth cycle. Whereas Zn, Ga, and promoted Pt-
modified zeolites have been reported to effectively catalyze C—
H bond activation in light alkanes (C,—C,),””"’ comparable

-4 ACS Publications  © 2017 American Chemical Society

3662

. . . L 14-17
studies of Cu-modified zeolites are more speculative.

Previous reports of the strong interaction between Cu(I) sites
in MFI and methane or ethane at room temperature suggest
that these materials may be capable of activating C—H bonds in
light alkanes.'*' Kanazirev and Price concluded that cationic
Cu sites in Cu/MFI play a key role in propane aromatization at
475 °C."* Recently, Itadani et al. hypothesized, based on a
combination of infrared spectroscopy experiments and
computational modeling, that dimeric Cu(I) sites in ion-
exchanged Cu/MFI zeolites may be active for propane
dehydrogenation.'” Grundner et al. reported that trinuclear
copper-oxo clusters activate C—H bonds in methane to catalyze
the selective oxidation of methane to methanol."® Many
additional detailed investigations of Cu-modified zeolites have
been motivated by the successful application of these materials
in the selective catalytic reduction of NO, and have focused on
the speciation of Cu in different zeolite topologies and in the
presence of varying NO, reductants.'””>* Kefirov et al.
specifically studied Cu species in BEA zeolite prepared by
ion-exchange and reported that the Cu(II) species completely
reduce to Cu(I) under H, by 450 °C, although at this high
temperature, they note that some small fraction of Cu(0) may
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also be formed.”> Characterization included in our recent report
of Cu-modified BEA prepared via incipient wetness impregna-
tion indicated multiple catalytic functionalities, includin

cationic and metallic Cu sites and Brensted acid sites.

Preliminary temperature-programmed reaction studies, using
isobutane dehydrogenation as a simple probe reaction,
suggested that these multifunctional materials may activate
C—H bonds. Motivated by this initial data, here, we report the
synthesis and characterization of multiple Cu-modified catalysts
targeting specific catalytic sites of metallic copper, copper oxide,
Cu(I) zeolite, Cu(Il) zeolite, and Bronsted acid sites. The
ability of each site to dehydrogenate isobutane was explored
using a combined experimental and computational approach.
The active site and corresponding dehydrogenation reaction
mechanisms are discussed based on the experimentally
observed dehydrogenation activity, characterization using X-
ray absorption spectroscopy (XAS), and the results of hybrid
quantum mechanics/molecular mechanics (QM/MM) calcu-
lations.

To independently investigate the dehydrogenation activity of
copper oxide and metallic Cu, we synthesized and tested silica-
supported Cu catalysts prepared by incipient wetness
impregnation of amorphous silica with an aqueous solution of
Cu(I) nitrate to achieve 5.3 wt % Cu. To produce exclusively
CuO particles (confirmed by X-ray diffraction; see Figure S1 in
the Supporting Information), the material was pretreated in
flowing 1% O,/He at 500 °C for 1 h, yielding a material termed
CuO/Si0,. In contrast, to produce a catalyst with exclusively
metallic Cu particles (Figure S1), the oxygen-pretreated CuO/
SiO, catalyst was subsequently exposed to flowing 2% H,/He
at 300 °C for 1 h, yielding Cu/SiO,. To determine the
dehydrogenation activity of the Bronsted acid sites independ-
ently, the proton form of the BEA zeolite, H-BEA, was
prepared by calcination of the ammonium form, NH,—BEA
(Si0,/AL,0; ratio of 27), under flowing air at 500 °C. To
explore dehydrogenation at ionic Cu sites, catalysts were
prepared using an ion-exchange procedure similar to a reported
method.”** The H-BEA zeolite was treated with an aqueous
solution of Cu(II) nitrate, isolated by filtration, washed twice
with deionized water, and dried at 100 °C overnight. This
procedure yielded a material termed IE-Cu/BEA, having 1.8
wt % Cu.

X-ray absorption spectroscopy (XAS) was performed to
identify the oxidation state and coordination environment of
the ionic Cu species present in the as-prepared IE-Cu/BEA
catalyst and following oxidative and reductive pretreatments
(see Figure 1A, as well as Figure S2 in the Supporting
Information). The X-ray absorption near edge structure
(XANES) spectrum of the as-prepared IE-Cu/BEA at room
temperature appears almost identical to that of aqueous Cu(II)
nitrate.”> Oxidative treatment of IE-Cu/BEA at 500 °C resulted
in the observation of a pre-edge peak at 8978.2 eV, consistent
with Cu(II), but different than the hydrated Cu(Il) at room
temperature (see Table 1 and Figure 1A). Extended X-ray
absorption fine structure (EXAFS) analysis revealed a second
coordination shell at 2.4—2.5 A, which is likely due to scattering
from Si or Al in the zeolite framework (Figure 1B). No Cu—Cu
correlation was found. These data indicate the formation of
isolated ion-exchanged Cu(II) sites on the zeolite, termed
Cu(II) zeolite sites.

Reductive treatment of ox-IE-Cu/BEA at 300 °C resulted in
a significant shift of the XANES edge peak to lower energy,
suggesting that Cu(Il) had been reduced to Cu(I), consistent
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Figure 1. (A) XANES spectra and (B) k*weighted Fourier transform
magnitude of as-prepared IE-Cu/BEA (Ak = 2.5-10.6 A™"), oxidized
IE-Cu/BEA (ox-IE-Cu/BEA, Ak = 2.5-10.8 A™"), and oxidized then
reduced IE-Cu/BEA (red-IE-Cu/BEA, Ak = 2.5—10.3 A™).

with conclusions from a previous temperature-programmed
reduction study of Cu/BEA.*> The EXAFS data indicates a
coordination number of 2.3, characteristic of a Cu(l)
compound, with an average bond distance of 1.93 A (Table
1). There is little evidence for a higher shell, suggesting that the
Cu(I) ions are mobile, similar to recent reports for Cu-SSZ-
13.7%%° These data demonstrate that catalysts consisting of
exclusively Cu(Il) zeolite or exclusively Cu(I) zeolite can be
accessed from the as-prepared IE-Cu/BEA by varying the
pretreatment conditions.

The isobutane dehydrogenation activity of each catalyst was
evaluated using a microreactor system. Following oxidative or
reductive pretreatment, the catalyst was held at the reaction
temperature (300 °C) in flowing He and then exposed to 1%
isobutane/Ar at a weight hourly space velocity of 0.20 h™". The
H, productivity, as a function of time on stream, representative
of the dehydrogenation reaction rate, is presented in Figure 2.
The measured H, productivities were below the rates
corresponding to isobutane dehydrogenation equilibrium at
300 °C (ca. 400 mmol/h). Furthermore, we note that the
isobutene product rapidly reacts in subsequent isomerization,
oligomerization, and/or alkylation reactions and therefore
could not be quantified in the effluent.”” The productivities
of all identified reaction products, as a function of time on
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Table 1. XANES Pre-edge and Edge Energies, As Well As Coordination Number, Distance, Debye—Waller Factor, and E, Shift
Obtained from EXAFS Spectra Fitting of an IE-Cu/BEA Catalyst Following Pretreatments

XANES pre-edge ~ XANES edge coordination  distance, = Debye—Waller factor, E,
material treatment energy [eV] energy [eV] number, N R [A] Ac”® [x 1073 A% [eV]  description
IE-Cu/BEA as-prepared 8977.9 8988.6 4.1 1.99 1.0 —12  hydrated
Cu(1I)
ox-IE-Cu/BEA 1% O,/He 500 °C 8978.2 8985.9 3.9 191 4.0 -3.5 Cu(Il)
zeolite
red-IE-Cu/BEA 1% O,/He 500 °C, 3% 8982.8 2.3 1.93 4.0 -0.7 Cu(D)
H,/He 300 °C zeolite
200 Operando XAS experiments were also performed for the ox-
S O ox-IE-Cu/BEA IE-Cu/BEA catalyst (Figure S4 and Table S2 in the Supporting
] O red-IE-Cu/BEA Information). The initial Cu(Il) ions were rapidly reduced to
2 A CuO/SiO, Cu(I), with 76% of the Cu(Il) ions reduced by 2 min time on
< 1809 4 : stream and 100% of the Cu(II) ions reduced after 2 h time on
< Cu/SiO, ) ; .
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Figure 2. H, productivity from 1% isobutane/Ar at 300 °C and 2 atm, 0.2+
as a function of time on stream.
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Cu/SiO, clearly exhibited minimal H, productivity (Figure 2).
The ox-IE-Cu/BEA and red-IE-Cu/BEA displayed comparable
H, productivities throughout the reaction time, despite the
difference in the initial oxidation state of Cu in these catalysts
following pretreatment, as determined by in situ XAS. These
results indicate that ionic Cu sites in BEA zeolite are active for
isobutane dehydrogenation at 300 °C, whereas Bronsted acid
sites, CuO sites, and metallic Cu sites are not catalytically
active.

Operando XAS experiments were performed to determine the
oxidation state and stability of the active ionic Cu sites during
the isobutane dehydrogenation reaction. Exposing red-IE-Cu/
BEA to isobutane led to only small changes in the XANES data
(see Figure S4 and Table SI in the Supporting Information).
There is a slight reduction in the number of bonds determined
from the EXAFS data, ca. 0.3 fewer, with a small increase in the
bond distance from 1.93 A to 1.98 A. After ca. 15 min, no
further changes were observed in either the XANES or EXAFS
spectra, and there was no evidence of the formation of metallic
Cu. The minor changes observed could indicate that a small
amount (<5%) of remaining Cu(II) was reduced to Cu(I)
during isobutane dehydrogenation, or that the Cu(I) species
formed in H, have a different coordination environment than
the Cu(I) formed under isobutane dehydrogenation conditions.
The latter explanation is supported by a recent report that
utilized CO adsorption and infrared spectroscopy to identify a
variety of Cu(I) species (i.e,, Cu(I) sites that bind one, two, or
three CO molecules) produced from the reduction of Cu(II) in
BEA zeolite.”
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Figure 3. Speciation of ionic Cu in ox-IE-Cu/BEA during isobutane
dehydrogenation reaction determined from operando XANES.

Information). Note that, after ~1 h time-on-stream, the
XANES spectra and quantitative coordination number and
nearest-neighbor distances of the Cu(I) species formed were
almost identical to those formed from the red-IE-Cu/BEA
catalyst. The Cu(II) species in the ox-IE-Cu/BEA may be
reduced by H, generated from isobutane dehydrogenation or
directly by hydrocarbon molecules. Metallic Cu was not
observed under any pretreatment or reaction condition.
Therefore, under these isobutane dehydrogenation reaction
conditions, regardless of the catalyst pretreatment and
corresponding initial oxidation state, there was a rapid
reduction of Cu(Il) zeolite species to Cu(I) zeolite within 2
h time-on-stream. Thus, the experimentally observed isobutane
dehydrogenation activity exhibited by IE-Cu/BEA is attributed
to ionic Cu(I) zeolite sites.

To further probe the catalytic activity and reaction
mechanism for dehydrogenation at a Cu(I) zeolite site in IE-
Cu/BEA, QM/MM calculations were performed using the
Gaussian 09 package™ and a two-layer ONIOM scheme.”
Additional details of the computational methods, including the
impact of the choice of functional and size of the quantum
region on the energetics can be found in the Supporting
Information (Figure SS). Because of the lack of evidence for
Cu—Cu coordination in the EXAFS spectra, the Cu(I) zeolite
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site was modeled as an isolated Cu(I) site with a single charge-
balancing Al substitution in BEA (Figure 4A). Based on a

Figure 4. (A) Cu/BEA model with a single Al substitution at a T7 site
and the Cu(I) located in the minimum energy location in a six-
membered ring of BEA. Wireframe atoms treated with MM and
spheres treated with QM. (B) QM region of the Cu/BEA model, with
Cu—O distances (A) indicated. Blue, red, green, and gold spheres
represent silicon, oxygen, aluminum, and copper atoms, respectively.

previous report by Vjunov et al. probing the Al distribution in
BEA with a similar SiO,/Al,O; ratio of 25, a T7 site was chosen
for the Al substitution site in our model.”’ The minimum
energy location of the Cu(I) ion in the BEA zeolite model lies
in the six-membered ring associated with the T7 site (Table S3
in the Supporting Information). The Cu(I) ion is located
slightly off-center, shifted toward the Al atom (Figure 4B). This
Cu(I) site is consistent with the EXAFS data, showing two
nearest-neighbor oxygen atoms for Cu(I) zeolite, although the
computed bond distances of ca. 2.02 A are slightly longer,
compared to the Cu—O bond distances of 1.98 + 0.02 A
determined from EXAFS.

The minimum energy reaction mechanism and correspond-
ing energy diagram for the dehydrogenation of isobutane at the
most stable six-membered ring Cu(I) site is depicted in Figure
S. This minimum energy pathway was identified based on
detailed calculations of numerous hypothesized mechanisms at
the six-membered ring site. The energetics were also calculated
at the more-open, but less-stable, 12-membered ring site (see
Table S4 in the Supporting Information). The calculated
barriers are within 15—25 kJ/mol of the barriers reported for
the six-membered ring site, indicating that the choice of Cu(I)
site has a minor effect on the reported energetics. The charge of
the Cu ion was verified by natural population analysis*" and is
reported for each state along the reaction pathway in Table SS
in the Supporting Information. All energies are reported relative
to gas-phase isobutane, which adsorbs with a binding strength
of 52 kJ/mol at the Cu(I) site. Two reaction mechanisms were
identified and these mechanisms differ in the location of the
first C—H bond scission in isobutane. The minimum energy
pathway involves breaking the first C—H bond at a primary
carbon atom (termed primary—tertiary path) and the formation
of an O—H bond with the zeolite framework (TS1). The
activation energy barrier for this step is 159 kJ/mol. The
transition state for the analogous step involving C—H bond
scission at the tertiary carbon has a similar activation energy
barrier (AE¥ = 172 kJ/mol). In the stable intermediate state
(INT1), the deprotonated intermediate is bound to the Cu ion
and the removed proton is bound to one of the Al-O atoms in
the zeolite framework. The second step in the minimum energy
pathway is a concerted step in which a second C—H bond
breaks at the tertiary carbon, the zeolite(O)—H bond breaks,
and a H—H bond forms simultaneously (TS2). The activation
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Figure S. (A) Reaction energy diagram for isobutane dehydrogenation
at a Cu(I) site in BEA zeolite. (B) Optimized structures with bond
distances (A) and activation energy barriers (AE¥, KJ/mol) for the
minimum energy pathway (primary—tertiary path, solid blue line).
Structures shown depict only the QM region in QM/MM calculations.
Blue, red, white, gray, green, and gold spheres represent silicon,
oxygen, hydrogen, carbon, aluminum, and copper atoms, respectively.

energy barrier for this step is 101 kJ/mol. If the first C—H bond
scission were to occur at the tertiary carbon, the second step is
a similar concerted step, but has a higher activation energy
barrier (AE¥ = 140 kJ/mol). The structures corresponding to
this tertiary—primary reaction mechanism are presented in
Figure S6 in the Supporting Information. Regardless of the
reaction pathway, the product of the second elementary step is
gas-phase H, and isobutene adsorbed at the ionic Cu site (iC,-
+ H,) with a binding energy of 154 kJ/mol.
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This proposed two-step mechanism differs significantly from
the light alkane (C,—C,) dehydrogenation reaction mecha-
nisms proposed for the GaH, site in Ga/MFL'" but is quite
similar to the proposed mechanism for ethane dehydrogenation
at an isolated Zn(II) site in Zn/MFL'* The calculated apparent
activation energy for isobutane dehydrogenation at a Cu(I) site
based on the relative energy surface shown in Figure S is 196
kJ/mol. This barrier may be higher than expected to describe
the rates observed in our experiments at 300 °C, which is a
result that is likely due to limitations of the modeling approach,
including the size of the ONIOM structural model and the
unaccounted-for electrostatic field of the zeolite. Comparison
with the energetics previously reported for isobutane
dehydrogenation on Zn- and Ga-modified MFI catalysts with
those calculated here for IE-Cu/BEA indicates that one may
expect Cu/BEA to be less active for isobutane dehydrogen-
ation, compared to these materials.'"*>

In summary, Cu-containing catalyst materials were synthe-
sized to target specific catalytic functionalities, namely, metallic
copper, copper oxide, Cu(I) zeolite, Cu(Il) zeolite, and
Bronsted acid sites. Experimental isobutane dehydrogenation
reaction studies demonstrated that only the ionic Cu-zeolite
catalysts activate C—H bonds in isobutane to produce H, under
these conditions. Based on operando XAS data, it was
determined that, regardless of the Cu(I) or Cu(II) speciation
in IE-Cu/BEA catalysts following pretreatment, under these
isobutane dehydrogenation reaction conditions, the predom-
inant species—and, thus, the active site for C—H bond
activation—was Cu(I) zeolite. Computational modeling
revealed that the reaction mechanism for isobutane dehydro-
genation at a Cu(I) zeolite site in BEA may proceed through a
two-step mechanism, with the two consecutive C—H bond-
breaking steps having respective activation energy barriers of
159 and 101 kJ/mol, respectively. Thus, as shown for other
Lewis acidic metal-modified zeolites, Cu(I) zeolite sites are
capable of activating C—H bonds in light alkanes, albeit with
higher activation energies. This catalytic functionality may be
leveraged in a variety of applications where light alkanes are
formed as byproducts, including the potential to upgrade the
nonfuel range C, alkane products in the Cu/BEA catalyzed
DME homologation process to increase carbon efficiency from
biomass to fuels.
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